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The grotto rock mass is a type of cave structure, formed under the complex forces of environment, geology, and human in-
terventions. Many scholars have carried out a lot of work in the protection of cultural relics. However, the research on detection
and monitoring methods based on the parametric evolution system remains incomplete. In recent years, with the intersection and
integration of disciplines, IoT (IoT: Internet of Things) systems and sensor technologies have developed rapidly. Under this
background, a new monitoring system suitable for the protection of cultural relics was independently developed and applied to the
protection and research work of Yuanjue rock cave, and the system was corrected and improved in practice. In this paper,
according to the complex force characteristics of the sandstone roof of the Yuanjue rock cave at Dazu Rock Carvings and the
geological conditions. Initially, a detailed survey of the geological conditions of the Yuanjue rock cave area was conducted;
furthermore, according to the unique structural and load characteristics of the outer and inner surfaces of the roof, the monitoring
methods and principles of each main control factor were explored, while the layout of monitoring points was optimized; finally,
based on the microsensing technology, intelligent high-precision sensing hardware was installed and debugged for each main
control factor, while the network was formed to form a multisource monitoring IoT system for the roof stability of the circular
sense hole. After nearly half a year of continuous monitoring, the deformation and denudation rules of the roof of Yuanjue Cave
were revealed, and a new approach of evaluating roof stability was proposed. This research provided technical support and
research ideas for monitoring the stability of similar cultural relics.

1. Introduction

The grotto rock mass is a type of cave structure under the
complex forces of environment, geology, and human in-
terventions. The grottoes in China were first built in Xinjiang
in the 3rd century A.D. and were developed eastwards along
the Silk Road with Buddhism. In the 4th century, the Mogao
Grottoes in Dunhuang of Gansu Province was built, during
the 5th-6th century. The development reached its peak at the
north and central plains [1]. Since 1949, in China, a high

amount of research work on the protection and mechanism
of grottoes and temples was carried out, while many ex-
emplary results were achieved. As an example, Zhang et al.
[2], the micro- and mechanical properties of Dafowan stone
carving in Dazu were studied through X-ray diftraction and
optical microscopy; Fu Changhua et al. studied the Mogao
Grottoes in Dunhuang and analyzed the possible damage
caused by earthquakes to the cave surrounding rocks and
auxiliary structures through the dynamic finite element
method [3]; Gao Bingli et al. utilized factor investigation and
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mechanical calculation, along with monitoring and analysis
to study the development mechanism and law of roof cracks
[4]; Ding Wuxiu et al. utilized survey methods to study the
weathering characteristics and influencing factors of the
surrounding rocks of Longmen Grottoes in Luoyang [5];
Wang Zhiyin et al. performed numerical simulation and
inversion analysis of the rheological fracture process of No. 5
hole, while obtaining rheological parameters and the best
combination of other sensitive parameters based on the
maximum tensile stress tracking method and the inverse
numerical model of the rock fracture process [6]; Li Lihui
et al. studied the surrounding rock surface in Longyou
Grottoes, along with the weathering speed of the sur-
rounding rock utilizing the compression molding method
[7]; however, the research on detection and monitoring
methods based on the parameter evolution system was not
perfect in results. At present, with the development of the
Internet of Things and sensor technology, the level of
monitoring and prediction of rock mass stability has been
highly improved.

Yuanjue rock cave constitutes one of the most repre-
sentative works of Baoding Mountain Cliff Statue, located on
the south cliff of Dafowan in Baoding Mountain. Unlike
other statues in Dafowan, Yuanjue rock cave is a rare cave
that follows the cave shapes from Buddhist statues in
northern China that exist in Dafowan [8]. For thousands of
years, under the influence of long-term natural forces, es-
pecially in recent years, the increase of atmospheric pre-
cipitation and groundwater seepage, as well as pollution due
to the high number of tourists, have led to a series of changes
in the surrounding environment of the cave [9-11]. The
Yuanjue cave cultural relic body and the surrounding rock
mass presented a series of problems, such as accelerated
weathering, denudation, and crack generation [12-15], along
with increased roof instability [16-19].

In view of the complex stress characteristics and geo-
logical environment conditions of the sandstone roof of
Yuanjue rock cave in Dazu Rock Carvings, as presented in
this paper, a detailed investigation of the regional geological
conditions of Yuanjue rock cave was conducted, while the
structural composition, failure characteristics, and stable
main control factors of the sandstone roof were analyzed;
subsequently, according to the unique structural charac-
teristics and load characteristics of the outer and inner
surface of the roof, the monitoring methods and principles
of each main control factor were explored, respectively,
while the layout of monitoring points was optimized; finally,
based on the microsensing technology, the intelligent high-
precision sensor hardware of each main control factor was
installed and debugged, forming a multisource monitoring
object network system for the stability of the cave roof,
which was similar to the cultural relic rock mass stability
monitoring, which provided technical support.

2. Geological Conditions of Yuanjue Rock Cave

Dazu Rock Carvings were composed of cliff statues and in-
scriptions of Beishan, Baoding, Nanshan, Shizhuan, and Shi-
men mountains. More than 50,000 statues of Buddhism,
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Taoism, and Confucianism existed. Dazu Rock Carvings were
first carved in the first year of Yonghui in the early Tang
Dynasty. These carvings increased during the late Tang Dynasty
and the Five Dynasties, as well as during the Ming and Qing
Dynasties. The Dazu Rock Carvings constitute a representative
work of the late Chinese Grottoes as temple art, which are
famous for the corresponding sized, exquisite carving, various
themes, rich connotations, and successful preservation.
Yuanjue rock cave is located in the western part of the
south cliff of Baoding Dafowan. It was one of the most rep-
resentative works of carving in Baoding Mountain Cliff Statue.

2.1. Meteorological and Hydrogeological Features. The cli-
mate of Dazu area is a subtropical warm and humid monsoon
climate, with four distinct seasons, but less extreme weather,
high precipitation, and high humidity. The average annual
rainfall is approximately 1000 mm; Dazu district is located on
the watershed of Fujiang and Tuo rivers, which constitutes the
origin of the Xi River. The Laixi River and the Huaiyuan River,
while two other main rivers in the territory flow overseas, with
very low water quantities. At present, the water in the area is
entirely supplied by artificial isolation and atmospheric pre-
cipitation. The fracture water existence within the fractures of
the sandstone is proven to damage the stone carvings.

2.2. Formation Lithology and Geological Structure. The ex-
posed strata in Dafowan stone carving area are sedimentary
rocks, according to the previous drilling and exploration re-
sults. The upper layer is mainly light brown to grayish green
fine-grained sandstone for 20 meters, while the lower layer is
mainly dark red mudstone and grayish-green sandstone with
medium-thick layered interbedding, occasionally occurring as
dark green mudstone. The characteristics of hard and soft rocks
in the area resulted in the steep cliffs of Dafowan and to its
surrounding areas, while many unique geological and geo-
morphic forms of collapses exist; the strata in the rock carving
area are mainly the upper part of Suining Formation and the
lower part of Penglaizhen formation of Upper Jurassic, which
was formed during the Middle Jurassic period. The lithology of
the stratum is relatively simple, the stratum is nearly horizontal,
and the influence of geological structure to the morphology is
low. One of the main factors that affected the stability of
Yuanjue rock cave was the large-scale joint fissures. Yuanjue
rock cave is located in the block structure formed by three
groups of fissures J-01, J-04, and J-10 and the cliff. These
fissures are also the seepage channels of the surrounding rock
of Yuanjue rock cave, resulting in the deterioration, weath-
ering, and denudation of the rock mass, as presented in
Figure 1.

3. Monitoring Method and Principle of
Surrounding Rock Stability of Yuanjue
Rock Cave

In this study, the multisource monitoring method was
utilized to monitor the stability and deformation of the
surrounding rock of Yuanjue rock cave. According to the
monitoring results, the deformation mechanism of the roof
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FIGURE 1: Distribution of fissures of Yuanjue rock cave within Dafowan.

of Yuanjue rock cave was comprehensively analyzed. The
main monitoring contents were roof pressure, grating
measurement of roof deformation, GNSS (GNSS: Global
Navigation Satellite System), and laser monitoring of de-
nudation amount. The layout of each measuring point is
presented in Figure 2.

3.1. Pressure Monitoring of Cave Roof. High-precision quartz
piezoelectric sensors were utilized in the stress monitoring
equipment. The sensors were string piezoelectric sensors,
which were set with multiple strings, to accurately measure
the pressure under eccentric load. This type of sensor had the
advantages of high sensitivity, high precision, and high
stability, proving suitable for long-term observations.
According to the position of support and beam, 11 stress
monitoring points were arranged, as presented in Figure 2.

3.2. Grating Measurement of Roof Deformation. Grating
monitoring was utilized to monitor the deformation of the
external surface of the cave roof, artificial miscellaneous fills,
and quaternary overburden on the top surface of stripped
roof rock; fixed-point fixture was utilized to fix and install 1
longitudinal and 2 transverse fixed-point gratings on the
bedrock, while at the same time, the 1 vertical and 2 hor-
izontal fixed-point gratings were installed at the fixed-point

fixture on the cave roof. The entire section real-time
monitoring was formed on the upper and lower rock layers
of the slate layer on the dome roof in a network format. The
fixed-point spacing was designed to be of 1 m. According to
the layout area of 10 x12m, a total of 35 measuring points
was designed for every 1 longitudinal and 2 transverse fixed
gratings, with a total of 70 measuring points. The distri-
bution characteristics of monitoring points are presented in
Figure 3.

3.3. GNSS Monitoring on Surface. GNSS monitoring utilized
GNSS to provide three-dimensional coordinates and speed
information of the ground monitoring point under all
weather conditions. GNSS was equipped with 3 sets of
equipment (1 reference station + 2 monitoring stations). The
layout of measuring points is presented in Figure 2. Only the
monitoring station data was updated in the data result. The
reference station was preset with the coordinates remaining
unchanged, while the relative displacement of each moni-
toring point could be calculated according to the coordinates
of the base station.

3.4. Laser Monitoring of Denudation Amount. The custom-
developed laser automatic ranging system was mainly uti-
lized to monitor the weathering and denudation rate of the



Shock and Vibration

,{j}jg(t?in’g,monj;g_rihg ;tgjnts:‘9""
GNSS monitoring points: 2 Q
J Lasersmonitoring points of erosion ay
Roof press

v

nitoring points: 11-'%

N \ ////
>
¥ 5
nt: 8 i

Pressure sensor
Laser monitor
Crack monitor
Grating monitor
Protruding cliff face
Carving surface
Floor fissure
Wansuilou site

Contour outside the
cave -
Maximum profile of
j10

FIGURE 2: Layout of measuring points of Yuanjue rock cave within Dafowan.
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FIGURE 3: Schematic diagram of the grating layout.

inner surface of the dome roof slab. The acquisition fre-
quency was once every hour, which was transmitted to the
remote laboratory warning platform. A total of 10 mea-
surement points was arranged at this time frame (the
measurement points were arranged according to the dis-
tribution of the roof wet zone, the characteristics of the
stripping form, and the historical stripping position).

Denudation laser monitoring system was mainly com-
posed of laser automatic rangefinder. The laser rangefinder
utilized the high-frequency monochromatic laser to measure
the noncontact distance of the point target, while the point
to be measured did not require special treatment. Conse-
quently, it could directly measure the initial surface. The
triangulation method was adopted to measure the distance,
while the principle of the triangulation method is presented
in Figure 1. The laser emitted the excitation light, whereas
after the object was irradiated, the reflected light was
transmitted by the linear CCD (CCD: Charge-coupled
Device) receiver because the laser and detector were dis-
persed within a certain distance; according to the optical
path, objects of different distances would be imaged at
different positions on the CCD. According to the trigono-
metric formula, the distance of the object to be measured
could be deduced. The measurement accuracy could reach
0.01 mm. Under the condition of accuracy achievement, the
distance between the laser source and the point to be
measured should be maintained within 250mm. The
principle is presented in Figure 4.

4. Monitoring Data Analysis

The roof deformation was comprehensively monitored
through the multisource monitoring method [20]. The
system principle is presented in Figure 5. The data detected
by each monitoring point were transmitted to the moni-
toring and prediction center via the base station through
wireless transmission.
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FIGURE 4: Principle diagram of laser monitoring of denudation
amount.

4.1. Analysis of Original Monitoring Data Curve

4.1.1. Roof Pressure Monitoring Curve. The data of typical
monitoring points were taken and the curve was drawn, as
presented in Figure 6.

The curve demonstrated the monitoring data of a two-
month period from the end of April to the end of June. It
could be observed that no noticeable fluctuation exited. The
pressure value fluctuated continuously near the prestress
value applied at the initial stage of column installation,
presenting certain regularity, while indicating that the roof
stability was good during the monitoring period.

4.1.2. Deformation Curve of Roof Monitored by Grating.
The deformation curve of roof grating monitoring was
drawn, as presented in Figure 7.

Since the roof grating monitoring points were installed at
the outer and inner surface of the roof rock at the same time,
the deformation characteristics of the roof rock were re-
flected from the multidimensional point of view. Although
the curve presented a slight downward trend, its monitoring
accuracy was in millimeters. The data was extremely ac-
curate, proving meaningless. From the phenomenon of
curve representation, the roof deformation was quite low,
while the roof is in a stable state.

4.1.3. GNSS Monitoring Curve. The curve of GNSS moni-
toring data is presented in Figure 8.

The absolute accuracy of GNSS monitoring data was
relatively low, but it could reflect the change of relative
coordinates at a large area in real-time all day long. The long-
term monitoring data of Yuanjue rock cave were reflected on
the curve and regularly fluctuated around the value of 0
constantly. It could be observed that the monitoring point
did not sustain horizontal displacement, which also dem-
onstrated that the entire Yuanjue rock cave had not been

affected by large geological forces and would not be damaged
by geological activities within a short period of time.
However, the monitoring method required longer in time
and higher range of monitoring data, to produce the activity
characteristics of the geological area. Also, InSAR [21]
technology could be utilized to monitor the geological area.

4.14. Laser Monitoring Curve of Denudation Amount.
The laser monitoring data of denudation amount and the
temperature change value in a coordinate system were
drawn. Consequently, the typical monitoring curve was
produced, as presented in Figure 9.

The data of denudation demonstrated that the dis-
placement of the roof changed highly and the maximum
deformation was 3.5mm. Within the past 800 years, the
denudation of the roof of Yuanjue rock cave reached the
centimeter level. During the monitoring period, the data
presented high amount of denudation, but insignificant
amount of rock debris was found on-site, due to denudation.
From the curve trend, the displacement presented a de-
creasing trend in the late August. It was observed that the
deformation curve had a strong correlation with tempera-
ture. Consequently, it could be observed that no severe
denudation occurred. At first, it was speculated that the roof
might be arched, due to the alternation of seasons, high
temperatures throughout summer, and temperature stress.
After entering autumn and winter, due to the decrease of
temperature and the recovery of deformation, the curve
would decline.

However, according to the monitoring data of roof
stress, the roof did not sustain high displacement due to
temperature change, while the grating monitoring data
tended to be stable, which did not indicate that this roof high
displacement.

After the experiment, it was confirmed that the ablation
laser monitor was highly affected by the temperature
throughout long-term monitoring, while the built-in pro-
gram did not rectify the drift caused by the temperature
change. Subsequently, the curve changed abnormally.

4.2. Indoor Constant Temperature and Humidity Machine
Experiment

4.2.1. Experimental Principle. According to the aforemen-
tioned inference, it was speculated that, under the influence
of temperature, the monitoring data of laser monitor of
denudation amount presented deviations, while the data
should be corrected with temperature compensation. For
this reason, the indoor Constant temperature and humidity
machine experiment was set up. Under different tempera-
tures, the ranging variables were controlled, the data ob-
tained were regressed, and the temperature compensation
denudation amount equation of the laser monitor was
obtained. The experimental principle is presented in
Figure 10.

In order to ensure the accuracy and effectiveness of the
experiment, a relatively flat surface for measurements was
fixed on top of the constant temperature and humidity
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FIGURE 6: Roof pressure monitoring curve.

machine. During experimentation, data measurements were
carried out after the constant temperature and humidity
machine reached the preset temperature for 3 hours, to
reduce the temperature lagging effect of the monitor.
Simultaneously, in order to ensure the applicability of
the experimental results, the experimental conditions should
be reduced to the site environmental conditions as much as
possible. The humidity should be controlled at above 85%
and the temperature range should be 5°C~40°C. After many
positive and negative temperature gradient experiments, the
variables should be controlled, while the same surface to be
measured should be measured multiple times. The scatter

—— Roof deformation monitoring curve

FIGURE 7: Monitoring curve of roof deformation through the
grating monitoring method.

diagram of the relationship among the data and the tem-
perature gradient is presented in Figure 11.

Linear regression was carried out for the curve, as
presented in Figure 11. Theoretically, the intercept of the
fitting curve should be 0, but the intercept of the fitting
expression was caused by the computer fitting algorithm and
experimental accuracy. Since the intercept magnitude was
low, it was not included, whereas only the slope value was
taken and the equation was obtained:

L, = (L, - AT x 0.058mm) — L, (1)
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where Ly: initial value of linear distance between monitoring
equipment and measured rock mass (mm); L;: measured
value of deformation before temperature compensation
(mm); Ly: calculated value of deformation after temperature
compensation (mm); and AT: temperature gradient (°C).

4.2.2. Measurement Data Correction. The aforementioned
equation was utilized to compensate the temperature of the
original measurement data and to produce the green curve,
as presented in Figure 12. Although the curve still fluctuated
after compensation, the small-scale change had no practical
significance, while the curve trend tended to be stable, which
proved that the roof sustained insignificant displacement
and was basically stable throughout the entire monitoring
period.

The corrected deformation curve was consistent with the
change curve of roof stress and the grating monitoring. The
curve was in a reasonable fluctuation range, which proved
that the roof did not sustain high deformation and was in a
relatively stable state.

5. Comprehensive Evaluation Method of
Roof Stability

5.1. Research on Comprehensive Evaluation Method. Due to
the complexity of data types and the high amount of data, the
experts could not only be relied on, to carry out qualitative
evaluation on the safety of cavern roof. A comprehensive
evaluation method should be established to quantify and
standardize the evaluation standards. Of course, the
knowledge of experts should surely be used to make the
evaluation standards more practical [22].

Defining parameters in evaluation criteria, GNSS ac-
cumulated the displacement value:

G= \/(x1 - x0)2 +(y1 - )’0)2 +(z; - 20)2’ (2)

where x,, y,, and z, are the final measurement coordinates
and x,, ¥, and z, are the initial coordinates.

Accumulated value of roof grating deformation
monitoring:

JatTa
=14 ‘4 3
J 5 (3)
where ], is the measurement data of fixed-point grating on
the upper surface of the roof and J , is the measurement data
of fixed-point grating on the lower surface of the roof.
Change of roof pressure:

F=F -F, (4)

where F' is the final measured value and F, is the initial
prestress value.
Cumulative value of denudation amount (displacement):

D=D'-D,, (5)

where D' is the final measurement and D, is the initial
measurement.

Based on this, a local stability evaluation equation was
established:

y=fU,F,D)+g(G), (6)

where f(J,F,D) is the cumulative value of roof grating
deformation monitoring in a monitoring area and the re-
lationship between the change of roof pressure and the
cumulative value of denudation (displacement). g(G) is the
GNSS cumulative displacement function because it does not
belong to any of the divided roof zone, and the function
relationship was independently set.

Because we do not care about the stress of every point of
roof, we only need to know its failure trend, so we use the
structural mechanics model. Since a crack penetrated the
entire cave at the east of Yuanjue rock cave, as presented
with a purple dotted line in Figure 2, the top plate could be
regarded as a plate model with one end fixed and one end
simply supported. The roof was divided into several beams
with one end fixed and one end simply supported along the
short edge of the plate, while the bending moment is pre-
sented in Figure 13, and the equation was

q’
MA :?,
2 (7)
q
M, =21,
B~ g

Similarly, the cantilever beam could be simplified along
the long side and the bending moment at the fixed end was

1
M = quz. (8)

The bending moment is presented in Figure 13.
According to the moment distribution characteristics and
failure modes of each model, the roof was divided into three
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FIGURE 10: Schematic diagram of constant temperature and hu-
midity machine experiment.

types of areas and 12 blocks, as presented in Figure 14. From @
to @, the bearing capacity of the area was weakened and the
flexural deformation increased. Consequently, the influence on
the roof stability correspondingly increased and the weight of the
data in the larger sequence block was correspondingly higher.

The stability of block i was evaluated through equation (6):

yi=f ,F,D)+g(G),

L We %G,
= Z W, x ¢, + ]

¢=],D,F j=1

where W is the weight of the accumulated value of roof grating
deformation monitoring, W, is the weight of the accumulated

)
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FIGURE 11: Temperature drift and linear fitting curve.

value of roof pressure, W, is the weight of the accumulated
value of denudation amount (displacement), and W, is the
weight of the accumulated displacement value of GNSS.
According to the expert scoring method in AHP (AHP: An-
alytic hierarchy process), ten experts were consulted, the
scoring results were normalized and finally W; = 25%,
Wp =25%, Wp =35%, and W = 15% were determined.
After the stability evaluation of a single block, it was
necessary to evaluate the overall stability of the roof. In
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order to highlight the different influence factors of dif-
ferent blocks on stability, the weighted method was also
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Q=

221 Vi XV

ﬁz:l\il Vi

- 10
32 -
0 1 . ~ 18
1.5 - . . ., I
1 . - 16
e 28 - y I -8
f - 14
£ 26 - ; L
S - —
§ 10 21 o 10 6 B
Bol . 10 g
S 22 " " g
< e [ E
3} 20 F g
=} 18 L
2 g
2 0.5+ L 4 =
Q 16 + ua
£ 14 F2 F2 F
- ] L [
g -0 g
£ 12 -, 2
g 00~ i - -
g 0. 1
= 10 ] Lo
Z o - —4
A 8 4 v
1 - -6
i ! C Lo
-0.5 4 ¥
T e —10 L
RV —~ N O N O AN O FHF O~ O FH o~ 1 0 INA
doddsdFdndsi¢gsdodszdsd
I3zl g
e o) ) i) B e ) W e B ) W e L) WL e =) W) W) M) Mo ) W ) el ) M) W
R = -, O O = O = O = O o = O = = O\
O O AN O ANOANOANOANOOO OO OoOANO O
8 AN N N N N NN AN AN AN AN 8
Date
—=— Roof displacement measurement curve
—+— Temperature curve
—s— Roof pressure monitoring curve
—v— Calculated roof displacement curve
FIGURE 12: Curve comparisons after temperature drift correction.
(@ Fine sandstone 0 'm
@ Interbedded fine sandstone L |
® Mud fine sandstone
o | = Mc = (1/2) qI?
[ N
) { ._J |
T > \' |\”Tnv“ ITH!T T“T'n -t '—L'
— rock/cave ro ;/r/cé
Cave .
D
_____ ) e ———————

>

M, = (qI*8)

T
\

A L S I S I B B B O

’l\{ (]

L] lgl |

B>

= (ql*/8)

(10)



10 Shock and Vibration
s 1150 2300 5300
1 (i ] hza |
e )
_____ 1 1
i T 2 2300
| 1
H A |
- - [ S, ... | - T (-
2 ! 1
w21k
20U 3 ' 300
; 10354.94 ;
' 12117.25 '
FIGURE 14: Schematic diagram of roof division.
TaBLE 1: Monitoring data and evaluation parameters of Yuanjue rock cave.
F Weight GNSS: G (mm) (note: not included in B
Grade J (mm) (kN) D (mm) division weight division) Y (B=1.7)
1 ~0.0413 026 —2.3006 3 0 yl ~0.75054
2 ~0.0357 02 -3.0686 2 0 2 ~1.03294
3 ~0.039 0901 -2.668 2 v3 -0.7183
4 ~0.0287 0.407 2 v4 0.094575
5 ~0.0391 0.637 -2.1476 2 v5 ~0.60219
6 0.989 -1.3677 1 v6 ~0.23145
7 ~0.0363 0416 -2.0625 3 y7 ~0.62695
8 ~0.0419 0.61 -2.8312 1 ¥8 ~0.8489
9 0.846 1 y9 0.2115
10 —-0.0294 -0.05 -1.9538 1 y10 —0.70368
11 0 2 y11 0
12 —0.0482 2 yl2 —0.01205
Weight 025 025 035 015 Comprehensive evaluation 1305019
value value

Note: ] was used for the accumulated value of grating monitoring deformation; F was used for accumulated value of roof pressure monitoring; D was used for

accumulative value of laser monitoring for denudation amount.

where v is the weight of each block, @ block v = 1, @ block
v = 2,and @ block ¥ = 3; 8 is the evaluation score of the expert
group (1<f3<2), for better site evaluation, f3 takes the larger value,
and for worse site evaluation, 3 takes the smaller value. No
apparent deformation occurred within Yuanjue rock cave, ex-
cept certain amount of exfoliated rock debris only. All data
demonstrated that the stability of the cave was good, while the
evaluation was 3 = 1.7. If there no special damage would occur to
the roof, the following parameters could be utilized to determine
the stability:

Q< 1.5, Stable,
1.5<Q<2, Lessstable, (11)
Q>2, Instable.

5.2. Example Calculation. The collected data of Yuanjue rock
cave were sorted out, as presented in Table 1. According to
the aforementioned method, the data were analyzed and

calculated. Finally, the comprehensive evaluation value of
Yuanjue rock cave was Q = 1.3, which was lower than 1.5. It
could be concluded that the roof stability of Yuanjue rock
cave was good within the short term. This was also consistent
with the results of various monitoring data, but from other
observation results, the weathering rate of the surface rock
mass was accelerated, resulting in the strength reduction of
the surface rock mass, presenting exfoliations. In the long
run, the exfoliation phenomena of surface rock mass would
also have an impact on the stability of the roof of the Yuanjue
rock cave. Consequently, the study on the weathering
mechanism of the surface rock mass should be carried out
later.

6. Conclusions

(1) When the new system was in practice, through the
monitoring curve of denudation amount compari-
son with the temperature curve, it was found that,
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during the long-term monitoring, the curve drifts
were highly influenced by the temperature. While in
the built-in data processing system of the system, the
temperature compensation command should be
added to ensure the monitoring data accuracy.

(2) Through the experimental study of the indoor
constant temperature and humidity machine, the
deformation correction parameters and the defor-
mation correction equation were obtained. Through
the displacement curve of roof and other monitoring
data analysis after the temperature effect elimination
and according to the bending mode of the roof, a new
determination method was proposed. Through the
evaluation parameter calculation of the roof, it was
deduced that the deformation of the roof was a long-
term process with small changes within a short
period of time. At present, the deformation of the
roof is in a relatively stable state. However, due to the
environmental damage and accelerated weathering
of the surface rock mass, the phenomena of weak-
ening and exfoliation occurred, which might still
pose a threat to the roof stability.

(3) The protection of Yuanjue cave should be started
with the weathering acceleration mechanism study
of the corresponding surface rock mass and the
reduction of environmental damage factors on the
weakening of the tunnel wall rock mass. The artificial
reinforcement scheme was utilized as auxiliary
means.

(4) A lot of high-tech were applied to this research so
that we could monitor the deformation accurately
without contact. This is a new study idea and method
to protect the cultural relics. This study on the roof
stability monitoring and evaluation of Yuanjue cave
provided substantial practice basis for the research
and protection of similar cultural relics in the near
future.
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